Positive assortatlve mating of baboons {Paplo sp.) based on elevation of serum cholesterol concentrations In response to a cholesterol-and saturated fat-enriched diet produced 64 progeny (30 high line; 34 low line). When the animals were 3 to 4 years of age, we tested their llpoproteln cholesterol responses to dietary cholesterol and fat In a factorial experiment with two levels of dietary cholesterol (1.7 and <0.01 mg/kcal) and two types of fat, coconut oil (P/S 0.1) and corn oil (P/S 3.5), each providing 40% of total calories from fat; we also tested their responses to chow. The high line animals had significantly higher very low density plus low density llpoproteln (VLDL + LDL) and high density llpoproteln (HDL) cholesterol levels on all diets. The effects of dietary cholesterol on VLDL + LDL cholesterol concentrations were greater In high line animals than In low line animals, but dietary cholesterol's effects on HDL cholesterol were similar In both lines. The effects of saturated fat, compared to unsaturated fat, on both VLDL + LDL and HDL cholesterol levels were similar in both lines. Selective breeding produced lines diverging In llpoprotein cholesterol concentrations by acting on several different genetically mediated processes that control serum llpoprotein levels. At least one of these processes Involves responsiveness of serum VLDL + LDL cholesterol concentration to dietary cholesterol.
A nimal species show a wide range in their serum lipoprotein concentration responses to diets enriched in cholesterol and saturated fat. Among nonhuman primate species, baboons (Papio sp.) are moderately sensitive to dietary cholesterol, less than squirrel monkeys (Saimiri sciureus), vervets (Cercopithecus aethiops), or rhesus monkeys (Macaca mulatta), but more sensitive than spider monkeys (Ateles sp.). 1 ' 2 The interspecies differences are presumed to be genetically determined, but genetic control of the serum cholesterol or lipoprotein cholesterol response to diet also has been demonstrated within several species of nonhuman primates, including squirrel monkeys, 3 cynomolgus monkeys, 4 and baboons. 5 ' 6 ' 7 Dietary cholesterol affects primarily serum very low density plus low density lipoprotein (VLDL + LDL) cholesterol levels, while saturated fat affects both VLDL + LDL and high density lipoprotein (HDL) cholesterol levels. 8 Previous genetic analyses did not distinguish between heritability of response to dietary cholesterol and heritability of response to saturated fat. Therefore, we examined the effects of dietary cholesterol and saturated fat in two diverging lines of pedigreed baboons. These lines were produced by positive assortatJve mating of parents based on their serum cholesterol responses to a combined cholesterol and saturated fat dietary challenge.
Methods

Subjects
The subjects were the progeny of six sires and 64 dams that had been selected from a large colony of baboons (Papio sp.) on the basis of responses of serum cholesterol to a cholesterol and saturated fat-enriched (challenge) diet. The details of the original group, diet, serum cholesterol concentrations, and selection criteria have been presented in reports of the genetic analyses of selective breeding. 5 Briefly, six sires were selected from 15 fertile males as the three highest and the three lowest responders, and 134 females were divided into high responders and low responders. High-response females were randomly assigned to the three high-response males, and low-response females were randomly assigned to the three low-response males. These matings produced 96 live births over 32 months; 32 animals died or were excluded for health reasons before 3 years of age. Thus, 64 progeny (34 to 47 months old) were available for this experiment; 30 were derived from the high line and 34 from the low line. Table 1 shows the serum cholesterol concentrations of each of the six sires and the mean values for the two groups of females that contributed progeny for this experiment. 
Animal Research Policies
The long-term selective breeding program, together with this intensive characterization of the progeny, were conducted in accord with the United States Public Health Service policies for the use of laboratory animals and were approved by the Animal Research Committee of the Southwest Foundation for Biomedical Research.
Rearing
The breeders were housed in outdoor gang cages in groups of about 20 females with each male. Infants were breast fed and remained in the cages with their sires and dams until weaning. When the infants were between 15 and 16 weeks of age, we removed them from their dams and fed them a diet containing 1.7 mg cholesterol/kcal and 41% of calories from fat, mainly lard, with a polyunsaturated/saturated fatty acid ratio of 0.42 ( Table 2) . They re-mained on this diet until beginning the special dietary test at between 34 and 47 months of age.
Diets
The rearing diet and the four special diets were prepared by mixing the appropriate fat, salt, vitamins, and USP cholesterol with a special low-fat, low-salt meal prepared by the Ralston Purina Company (St. Louis, Missouri) (Special Monkey Chow 25-5045-6). The rearing diet was prepared with lard as the added fat. The special diets were prepared with coconut oil (Lou Ana Food Incorporated, Opelousas, Louisiana) as the saturated fat and com oil (Best Foods CPC International Incorporated, Englewood Cliffs, New Jersey) as the unsaturated fat. The diet components were mixed with a small amount of water, were pelleted and stored frozen in plastic bags, and then were fed daily in amounts to provide about 500 g per baboon. The chow was regular Monkey Chow manufactured by the Ralston 
Dietary Test
Each juvenile baboon was assigned to one of four groups so that each group included animals whose ages were within 6 months of one another. Each group was placed in a gang cage and was fed the same fat-and cholesterol-enriched diet on which It had been reared from weaning. The first set of observations was made while the animals were consuming this diet. Thereafter, each group was fed for 6 weeks on each of the four diets in the following sequence: high cholesterol, saturated fat (HC-SF); low cholesterol, saturated fat (LC-SF); low cholesterol, unsaturated fat (LC-UF); and high cholesterol, unsaturated fat (HC-UF). At the end of the last of the four special diet periods, each group was fed chow and the observations were repeated. The design did not permit adjustment for carryover effects of previous diets, but work with similar diets has indicated that these effects are small. 9
Blood Collection Procedures
At 3-week intervals during the preweaning period, every 3 months during the juvenile period, and at 4, 5, and 6 weeks during each of the six diet periods, blood was drawn under ketamine immobilization (Vetelar, Parke Davis and Company, Detroit, Michigan) after an overnight fast. Serum was separated by centrifugation.
Llpoproteln Cholesterol Analyses
HDL cholesterol was measured in the supernatant after precipitation of serum VLDL and LDL by the dextran sulfate-CaCI 2 procedure. 10 VLDL + LDL cholesterol was calculated as the difference between serum and HDL cholesterol concentrations. We measured cholesterol by an enzymatic method using the ABA Bichromatic Analyzer (Abbott Laboratories, South Pasadena, California). The cholesterol measurements met the criteria of the Lipid Standardization Program of the Centers for Disease Control, Atlanta, Georgia. The precipitation procedure was validated by comparison with the results of preparative ultracentrifugation and of heparin-MnCI 2 precipitation. 8 
Statistical Methods
For the statistical analyses, the data were transformed logarithmically to normalize the data and equalize the variances. We then computed the means of the three serum and lipoprotein cholesterol measurements made after 4,5, and 6 weeks on each diet. Data were analyzed by analysis of variance and analysis of covariance. 11 The linear model 11 contained terms for the overall mean, group, line, sire within line, sex, interactions of sex by line, and sex by sire within line. All effects were fixed. We also used the VLDL + LDL cholesterol or HDL cholesterol concentrations during the LC-UF diet period as a covariate.
The simple effects 11 were the effect of cholesterol in the presence of (denoted by @) unsaturated fat, the effect of cholesterol in the presence of saturated fat, the effect of saturated fat in the presence of low cholesterol, and the effect of saturated fat in the presence of high cholesterol. These differences in group means are given as:
Fat @ High Cholesterol = (HC-SF) -(HC-UF) These effects are differences on the logarithmic scale, but are multiplicative on the original scale.
Results
Line Differences to 3 Years of Age
The effects of line on serum and lipoprotein cholesterol concentrations were reported in detail for 69 progeny up to 1 year of age, 5 and in a preliminary communication for 20 progeny up to 2 years of age. 12 Figure 1 shows the mean preweaning and quarterly serum cholesterol concentrations computed from log-transformed data of the 64 progeny in this experiment up to 148 weeks of age. The high and low lines were consistently different from birth. The age-associated rise in serum cholesterol, which began immediately after birth, continued through the breast-feeding period into the juvenile period in both high and low lines. Other experiments have shown that serum cholesterol concentrations stabilize after about 2 years of age. 13 Thus, the animals were relatively stable with regard to serum cholesterol levels at the time of the special dietary test. Table 3 shows the mean lipoprotein cholesterol concen- trations of the two lines just before beginning the special diet sequence, but while the animals were still consuming the high cholesterol, saturated fat diet on which they were reared. Table 3 also includes the lipoprotein cholesterol concentrations during the chow diet period, which occurred after the four special diet periods. On both diets, both VLDL + LDL and HDL cholesterol concentrations were significantly greater in the high line progeny as compared to low line progeny. However, the line difference in VLDL + LDL cholesterol was much greater on the rearing diet than on the chow diet, while the line difference in HDL cholesterol was essentially the same on the chow diet and the rearing diet. Thus, selective breeding separated the progeny lines on the basis of both VLDL + LDL and HDL cholesterol, but it was particularly effective in separating them on the basis of their VLDL + LDL cholesterol concentrations on the cholesterol and saturated fat rearing diet.
Effects of Sire and Sex
There were no significant effects of sire on either VLDL + LDL or HDL cholesterol within the high line, but there was a significant sire effect on HDL within the low line. The progeny of one of the three low-line sires (X98) had considerably lower HDL cholesterol on all diets; the progeny of the other two (X956 and X84) had nearly identical HDL cholesterol levels (results not shown). There were no significant effects of sex, or sex by line interactions, on either VLDL + LDL or HDL cholesterol concentration. Table 4 shows the mean VLDL + LDL and HDL cholesterol concentrations while the animals were consuming each of the four special diets. The HC-SF diet, which was prepared with coconut oil, elevated both VLDL + LDL and HDL cholesterol to higher levels in both the high and low lines than did the long-term rearing diet, which was prepared with lard (Table 3) , but the lines differed by about the same ratio. The lines were significantly different in both VLDL + LDL and HDL cholesterol concentrations while animals were consuming each of the four diet combinations. However, the line difference in VLDL + LDL cholesterol was substantially greater while they were consuming a high cholesterol diet, regardless of type of fat. Table 5 shows the multiplicative effects of dietary fat and cholesterol on each lipoprotein concentration in each line. Both components significantly (p < 0.05) affected both VLDL + LDL and HDL cholesterol concentrations (the 95% confidence intervals did not overlap 1.00).
Differential Effects of Dietary Cholesterol and Saturated Fat by Line
Within each line, VLDL + LDL cholesterol had a greater response to one dietary component when the other component was at its lower level; that is, the response to dietary cholesterol was greater when animals were fed unsaturated fat, while the response to saturated fat was greater when tested in the presence of low cholesterol. The lines differed in their response to cholesterol when animals were fed unsaturated fat (high line, 2.23; low line, 1.67; p < 0.01) and in their response to fat when fed high cholesterol (high line, 1.18; low line, 1.45; p < 0.05) ( Table 5) .
HDL cholesterol responded more to type of fat than to dietary cholesterol. In contrast to the foregoing observation about VLDL + LDL response, the HDL response to one component depended little on the level of the other, Table 5 The 95% confidence intervals are given in parentheses. 'Ratio of high line to low line different from 1.0, p < 0.01. tRatlo of high line to low line different from 1.0, p < 0.05. 37 that is, the response to type of fat was similar regardless of cholesterol level, and response to cholesterol was similar regardless of type of fat. The lines responded slightly differently to dietary cholesterol when animals were fed unsaturated fat (high line, 1.08; low line, 1.21; p < 0.05) ( Table 5) .
. Effects of Dietary Cholesterol and Fat on Lipoprotein Cholesterol Levels In High and Low Responding Lines of Baboons
Regardless of which special diet was fed, the two lines were different in both VLDL + LDL and HDL cholesterol concentrations (Table 4 ). To separate a differential response to diet from a uniform difference between lines, we adjusted each lipoprotein cholesterol concentration on each diet for the concentration attained while animals were fed the LC-UF diet ( Table 6 ). The adjustment should have removed any uniform separation between the lines so that a differential response could be detected. The adjusted VLDL + LDL concentrations in the two lines were similar when animals consumed the LC-SF diet, but the concentrations were significantly different when the animals consumed the two high cholesterol diets. The ratios of high line to low line were 1.23 (p < 0.05) on the HC-SF diet and 1.43 (p < 0.01) on the HC-UF diet. The adjusted HDL concentrations were similar in the two lines regardless of the diet they were consuming. Concentrations are given in mg/dl; 95% confidence intervals are in parentheses.
•Ratio of high line to low line different from 1.0, p < 0.01. tRatio of high line to low line different from 1.0, p < 0.05. Table 7 shows the multiplicative effects of the dietary components after adjusting for lipoprotein concentration while the animals were fed the LC-UF diet. Within each line, each dietary component had a significant (p < 0.05) effect regardless of the level of the other factor (the 95% confidence intervals did not overlap 1.00). The pattern of response was similar to that observed in Table 5 . HDL cholesterol responded more to type of fat than to dietary cholesterol, while the response of VLDL + LDL cholesterol to one of the dietary components depended on the level of the other component. The two lines had similar responses for HDL cholesterol while dietary cholesterol significantly elevated VLDL + LDL cholesterol more in the high line than in the low line. The lines were best separated by their VLDL + LDL response to dietary cholesterol when tested in the presence of unsaturated fat.
Discussion
Genetic Control of Serum and Lipoprotein Cholesterol Concentrations
These results confirm and extend the conclusions derived from genetic analyses of these progeny at one year of age. 5 At that time, there were significant differences between the lines in serum and HDL cholesterol concentrations, but not in VLDL + LDL cholesterol concentration. The line difference in serum cholesterol concentration continued to 3 years of age ( Figure 1) ; and, between 3 and 4 years of age, there were significant differences between the two lines in both VLDL + LDL and HDL cholesterol levels on all diets, including chow (Tables 3 and 4 ). These consistent differences, no matter what diet the animals were consuming, indicate that the genetic control is manifested regardless of the diet. Dietary manipulation results in a greater expression of genetic differences in VLDL + LDL cholesterol levels and facilitates detection, but does not result in a greater expression of genetic differences in HDL cholesterol levels. The line differences in both VLDL + LDL and HDL cholesterol levels are consistent with the results of genetic analyses of three other groups of baboons which included both selectively bred and randomly bred animals. 6 ' 7 The 95% confidence intervals are given in parentheses. 'Ratio of high line to low line different from 1.0, p < 0.01. fRatio of high line to low line different from 1.0, p < 0.05.
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Dietary Components and Selective Breeding
Our major question in this experiment with the high and low line progeny was whether selective breeding, which was based on the serum cholesterol response to a combined cholesterol and fat challenge, had produced the diverging lines through selection for response to dietary cholesterol, response to type of dietary fat, or response to both; and whether the effect was on VLDL + LDL cholesterol, HDL cholesterol, or both. The question is answered in Table 5 , which shows that both VLDL + LDL and HDL cholesterol responded to saturated fat (as compared to unsaturated fat) in both high and low lines to about the same degree, whereas VLDL + LDL cholesterol responded to dietary cholesterol in the high line to a much greater degree than in the low line. Expressed in another way, the high line is more susceptible to elevation of VLDL + LDL cholesterol by dietary cholesterol than is the low line, but the high line is not more susceptible to elevation of either VLDL + LDL or HDL cholesterol by saturated fat. The greater susceptibility of high line animals to elevation of VLDL + LDL cholesterol by dietary cholesterol is seen most dramatically in the effect of dietary cholesterol combined with unsaturated fat ( Table 7 , 2.29 versus 1.60; ratio, 1.43, p < 0.01). In contrast, the effect of dietary cholesterol on HDL is less in the high line than in the low line.
Selective breeding may have produced divergence between the two lines by several different mechanisms that regulate serum lipoprotein cholesterol levels. The mechanism affected most by selective breeding is that controlling responsiveness of VLDL + LDL cholesterol to dietary cholesterol. The other mechanisms affected by selective breeding regulate maintenance of both VLDL + LDL and HDL cholesterol levels, but not their responsiveness to saturated fat. Another way of expressing this interpretation is that these baboons have substantial genetic variability in their response to dietary cholesterol, but less genetic variability in their responses to saturated fat.
Genetic Basis of Variability
Segregation analyses of lipoprotein cholesterol levels of about 650 pedigreed baboons have indicated the presence of a major gene regulating HDL cholesterol levels on the chow diet, and a major gene regulating VLDL + LDL cholesterol levels on the combined cholesterol and saturated fat diet. 14 The lipemic responses to dietary cholesterol and saturated fat separately were not available. It is premature to speculate on the relationship of the major genes identified by segregation analyses to the results of this experiment. Kushwaha et al. 15 compared the metabolism of VLDL and LDL apolipoprotein B (apo B) among baboons with high and low VLDL + LDL cholesterol produced by selective breeding. The rate of conversion of VLDL apo B to LDL apo B was higher and the disappearance of VLDL apo B by other routes was lower in the high LDL animals than in the low LDL animals. As yet, however, we do not know the molecular or cellular mechanisms responsible for this difference.
Metabolic Basis of Responses
Comparison with Observations on Humans
The responses of humans to dietary cholesterol also are highly variable. 18 ' 17 This variability may be responsible for the conflicting results often obtained from experiments with dietary cholesterol in humans, and also may be partly responsible for the controversy regarding the relative importance of dietary cholesterol and saturated fat in human hyperlipidemia, atherosclerosis, and arterlosclerotic heart disease. 18 Katan and Beynen 19 have compared a number of characteristics of high responding (to dietary cholesterol) humans with those of low responding humans. 16 Responsiveness to dietary cholesterol was correlated negatively with habitual cholesterol consumption (r = -0.62), body mass index (r = -0.40), and endogenous cholesterol synthesis (r = -0.40). Responsiveness was correlated positively with HDL 2 cholesterol levels (r = 0.41) and with serum cholesterol level on the high cholesterol diet (r = 0.31). With multiple regression analysis, only habitual cholesterol intake and HDL 2 cholesterol levels contributed significantly to explaining variation in response. The baboons in our experiment were reared on identical diets, and therefore there should have been little differences in lifetime cholesterol intakes. We did not measure the HDL subclasses and were unable to test for the correlation of HDLj with responsiveness. We cannot find similar data regarding variability of cholesterolemic responses of humans to saturated fat.
Conclusion
Positive assortative mating based on serum cholesterol response to a combined saturated fat and cholesterol enriched diet produced lines of progeny that differed in both VLDL + LDL and HDL cholesterol concentrations on chow and on diets with two types of fat and two levels of cholesterol. The high line had a greater responsiveness to dietary cholesterol than the low line, and both lines had a similar responsiveness to saturated fat. The responsiveness to dietary cholesterol was due almost entirely to elevation of VLDL -I-LDL cholesterol concentrations. The results are consistent with observations on humans showing a wide variability in cholesterolemic responsiveness to dietary cholesterol.
